Abstract Sporadic Creutzfeldt-Jakob disease (sCJD) is a rapidly progressive dementia (RPD) that can be difficult to identify antemortem, with definitive diagnosis requiring tissue confirmation. We describe the clinical, magnetic resonance imaging (MRI), cerebrospinal fluid (CSF), and electroencephalogram (EEG) measures of a small cohort of 30 patients evaluated for RPD. Clinical and diagnostic measures were cross-sectionally obtained from 17 sCJD patients (15 definite, two probable), 13 non-prion rapidly progressive dementia patients (npRPD), and 18 unimpaired controls. In a subset of patients (nine sCJD and nine npRPD) diffusion tensor imaging (DTI) measures [fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD)] were also obtained for the caudate, corpus callosum, posterior limb of the internal capsule, pulvinar, precuneus, and frontal lobe. Differences among groups were assessed by an analysis of variance. Compared to npRPD individuals, sCJD patients had cerebellar dysfunction, significantly higher CSF tau, ''positive'' CSF 14-3-3, and hyperintensities on diffusionweighted imaging (DWI) that met previously established imaging criteria for sCJD. EEG changes were similar for the two groups. In addition, sCJD patients had significant decreases in DTI measures (MD, AD, RD but not FA) within the caudate and pulvinar compared to either npRPD patients or unimpaired controls. Our results confirm that CSF abnormalities and MRI (especially DWI) can assist in distinguishing sCJD patients from npRPD patients. Future longitudinal studies using multiple measures (including CSF and MRI) are needed for evaluating pathological changes seen in sCJD patients.
of sCJD remains poorly characterized but is believed to be due to a conformational change in abnormal prion protein (PrP Sc ) that causes widespread neuronal degeneration [3] . Definitive diagnosis of sCJD requires tissue confirmation via biopsy or autopsy. However, these methods are often impractical and, in some instances, problematic due to the collection of suboptimal specimens and increased exposure risk to healthcare personnel [4] . Noninvasive diagnostic tests currently recommended for differentiating sCJD from non-prion rapidly progressive dementia (npRPD) include magnetic resonance imaging (MRI), electroencephalogram (EEG) and cerebrospinal fluid (CSF) measurements of 14-3-3 and tau. The sensitivity and specificity of each of these tests varies, and changes depending on when they are obtained during the duration of the illness [3, [5] [6] [7] [8] . Additional noninvasive, premortem diagnostic methods may assist in identification of sCJD [9] .
Characteristic changes within grey and white matter using MRI [i.e. fluid level attenuated inversion recovery (FLAIR) and diffusion-weighted imaging (DWI)] can assist in the diagnosis of sCJD [6, 8] . In addition, DTI measures the anisotropic diffusion of water molecules in the brain [10] . Movement of water is usually greater along the length of the fiber (longitudinal direction) than perpendicular to it (radial or transverse direction), as myelin may restrict flow. An ellipsoid-shaped tensor is commonly used to model diffusion within any given voxel. Diffusion along the major axis of this ellipsoid is assumed to reflect diffusivity parallel to the white matter (WM) tract and is termed axial diffusivity (AD). The two minor axes can be averaged to determine radial diffusivity (RD), which reflects diffusion perpendicular to the major axis of the WM tracts. Mean diffusivity (MD) reflects the average diffusion from all three directions. Finally, fractional anisotropy (FA) represents the ratio of axial to radial diffusivity and provides a measure of the general shape of the ellipsoid [11] .
We describe the clinical signs, MRI (including FLAIR, DWI, and DTI) characteristics, CSF values (including 14-3-3 and tau), and EEG measurements from 30 patients who presented to a single tertiary care medical center for RPD. In our cohort, we observed that CSF and MRI (both DWI and DTI) measures assisted in distinguishing sCJD from npRPD and unimpaired controls.
Methods

Patient collection
Clinical history and diagnostic studies (CSF, EEG, MRI, and laboratory values) were collected from RPD patients evaluated between the years 2005-2010. During this interval, a total of 30 patients were admitted with the diagnosis of RPD at our institution. Analysis of all patient records was approved by the Institutional Review Board at our institution.
All RPD patients had a detailed neurological exam and met the following criteria for entry: (1) rapid decline in cognition (less than 2 years in duration), (2) additional evaluations excluding alternative diagnoses, and (3) at least one additional clinical symptom (myoclonus, pyramidal/ extrapyramidal signs, visual disturbances, cerebellar abnormalities, higher cortical dysfunction, or akinetic mutism). Cerebellar signs included central nystagmus, truncal or appendicular ataxia, or dysdiadokinesia. Higher cortical abnormalities included aphasia, apraxia, acalculia, or neglect. A diagnosis of probable sCJD was made using combined, previously established guidelines from the MRI-CJD Consortium [8] and UCSF [6, 12] . A diagnosis of definite sCJD required the classical histopathologic triad of spongiform change, neuronal loss, and astrogliosis on tissue examination.
Using these criteria we identified 17 patients with sCJD (15 patients with definite sCJD and two patients with probable sCJD) (see Fig. 1 ). Thirteen patients were defined as npRPD (four patients having autopsies confirming alternative diagnoses). Patients with npRPD were excluded from probable sCJD diagnosis because either their survival was outside the typical range of sCJD subjects ([3 years), they had definitive (e.g. pathology, serology, or genetic) evidence of alternative diagnosis, and/or they improved with (or without) treatment [6] . This npRPD group included the following diagnoses: Alzheimer's disease (n = 4), malignancy (i.e. paraneoplastic) (n = 3), dementia with Lewy bodies (n = 3), vascular dementia (n = 1), vasculitis (n = 1), and psychiatric (n = 1). All patients with neurodegenerative disease met established diagnostic clinical criteria [13] [14] [15] . For the subset of RPD patients that had DTI, an additional unimpaired control group was recruited. This group was matched by age and sex to sCJD and npRPD patients and had similar MRI studies (see imaging protocol below) but not CSF analyses.
Brain autopsies of all definite sCJD patients were performed by the National Prion Disease Pathology Surveillance Center (NPDPSC) at Case Western Reserve University. At the NPDPSC, immunohistological and Western blot analysis was assessed for PrP Sc (PrP 27-30) from brain autopsy tissue using a monoclonal antibody 3F4 (to residues 109-112) [1, 16, 17] . Molecular classification was performed to determine the codon 129 polymorphism of the prion gene (MM, MV, or VV) and pathologic prion protein isotype (PrP Sc 1 or 2).
scored as positive or characteristic of sCJD if they fulfilled a validated criteria including: sustained periodic sharp wave complexes (PSWC) with a variability of \500 ms or periodic generalized complexes (lasting 100-600 ms) that were bi-or tri-phasic in morphology [19] .
Imaging protocol
Standard MRI studies
All participants (npRPD, sCJD, and unimpaired controls) were imaged on 1.5 T Siemens scanners. For all subjects, sequences performed included a standard clinical T1, T2, fluid attenuated inversion recovery (FLAIR), and DWI. All images were reviewed to ensure that excessive movement did not occur during scanning. DWI and FLAIR images were independently evaluated by a board-certified neuroradiologist (D.R.) blinded to the diagnosis. This evaluator used previously defined criteria [6, 8, 12 ] to determine if DWI changes were absent or present within cortical and/or subcortical areas. For the purposes of comparing criteria analyses via sensitivity/specificity analyses, scores of ''positive'' and ''negative'' were classified according to the Zerr et al. [8] criteria and scores of ''probably sCJD'' or ''definitely sCJD'' were considered ''positive'' while ''probably not sCJD'' and ''definitely not sCJD'' were considered ''negative'' when using the Vitali et al. [6] criteria.
DTI studies
A subgroup of RPD patients (nine CJD, nine npRPD) and 18 unimpaired controls had DTI performed using 60 contiguous 4-mm axial sections with the following parameters [12 directions, 3 b values, b max = 1,400 ms, field of view (FOV) = 230, time to repeat (TR) = 3,200 ms, time to echo (TE) = 107 ms, parallel imaging factor = 2, and 2.5 mm 9 2.5 mm 9 2.7 mm isotropic voxels] [20] . Imaging time was approximately 6 min in duration. DTI data were then transferred to a workstation (Leonardo, Siemens) for further analysis. Using the Neuro3D package (Siemens) diffusion scans were coregistered to the T1 and FLAIR sequences. Regions of interest (ROI, 10 mm 3 in diameter) were manually drawn by a blinded reviewer (E.P.) on the anatomical scans and subsequently verified on the diffusion scans in order to ensure adequate placement (Fig. 2) . ROIs that included both cortical and subcortical areas were selected based on previous possible involvement by CJD [6] . These regions included: caudate, corpus callosum, posterior limb of the internal capsule (PLIC), pulvinar, precuneus, and frontal lobe. The left and right hemispheres of each of the ROIs were averaged for each patient to ensure adequate sampling.
Statistical analysis
Diagnostic odds ratios with 95 % confidence intervals were determined for each of the variables (including clinical symptoms, laboratory data, and MRI values) using twotailed Fisher's exact tests. Both sensitivity and specificity values were subsequently calculated for each variable. A two-tailed Student's t test was performed for comparing CSF tau values between sCJD and npRPD patients as CSF was not collected from unimpaired controls. For the DTI analysis, the p values for each of the ROIs from the Fig. 1 Classification of patients. Diagram for classification of subjects as sporadic Creutzfeldt-Jakob disease (sCJD), non-prion rapidly progressive dementia (npRPD), or unimpaired control analysis of variance (ANOVA) for the three group comparisons were adjusted to account for the testing of the multiple regions using Bonferroni correction. For all analyses, the standard error was calculated. GraphPad Prism software (Version 3.0, La Jolla, CA, USA) was used for all analyses.
Results
Patient characteristics and clinical findings
All 17 sCJD patients resided within a 200-mile radius. The estimated population of this entire catchment area is *3-3.5 million people (2010 U.S. Census Data). While formal modeling (similar to that performed by Klug et al. [21] ) was not pursued, the calculated incidence of sCJD is approximately 0.81-0.94 per million per year for the catchment area based on current population values.
No significant differences in demographic variables existed between sCJD and npRPD patients (Table 1) . Of note, one of the definitive sCJD patients was diagnosed with a new form of sporadic prion disease, variable protease-sensitive prionopathy (VPSPr) [22] , but did not have an MRI performed. On clinical exam, sCJD patients were more likely to have cerebellar signs and myoclonus than npRPD patients. The most commonly observed cerebellar abnormality in sCJD patients was truncal ataxia causing gait instability.
Diagnostic testing
The presence of periodic sharp wave complexes on EEG was similar for both sCJD and npRPD participants. The presence of a ''positive'' CSF 14-3-3 was observed with a greater frequency in sCJD subjects compared to npRPD. However, this test was neither sensitive nor specific for distinguishing sCJD from npRPD when compared to CSF tau. Mean CSF tau (abnormal defined as [1,200 pg/ml) was significantly elevated in sCJD patients [5,239 ± 1,801 pg/ml (range 440-28,342)] compared to npRPD subjects [486 ± 89 pg/ml (range 70-1,135)]. No correlation existed between CSF tau values and the onset of symptoms for sCJD patients (p = 0.28) (See Supplementary Fig. 1 ).
Genetic studies were performed in 88 % (15/17) of sCJD subjects (Supplemental Table 1 ). Most definite sCJD patients were MM 1 (n = 7) with VV 1-2 (n = 3) being the second most common form. The diagnostic characteristics of our group were similar to a previous report [23] .
Three definite sCJD patients did not have MRI scans due to either contraindications [presence of a pacemaker (n = 2)] or lack of availability [scan performed outside of our institution and not available for review (n = 1)]. Of the remaining sCJD cohort (n = 14), both previously defined MRI scoring criteria [6, 8] , yielded identical results. The sensitivity and specificity of DWI were 86 and 92, respectively (Table 1) . Observed results are consistent with values established for DWI by previous studies with larger cohorts of sCJD patients [6, 8] . In particular, a single patient in the npRPD group was scored as ''positive'' using either MRI criteria [6, 8] . This individual did not undergo DTI analysis and did not have CSF findings consistent with sCJD. The patient was diagnosed with a paraneoplastic epileptic encephalopathy. DWI signal abnormalities were observed only within the cortex and were not simply a result of ''T2 shine through.'' DTI analysis DTI imaging was performed in only a subset of RPD patients. The sCJD patients that had DTI (n = 9) were representative of the rest of the group. MD parameters were reduced for sCJD patients compared to either npRPD or matched unimpaired controls (p = 0.01). Even after correction for multiple comparisons, MDs were significantly decreased within the caudate and pulvinar regions for sCJD subjects (576 ± 29; range 89-736, and 649 ± 34; range 67-805, respectively) compared to the npRPD patients (657 ± 27; range 532-867, and 802 ± 41; range 663-1,254, respectively) and unimpaired controls (727 ± 19; range 642-1,048, and 749 ± 11; range 687-843, see Fig. 3 ). Observed decreases in MD were primarily due to a reduction in both AD and RD within these two regions. MD parameters were not significantly different in other regions after correcting for multiple comparisons. FA measures were similar among the three groups for each of the ROIs (Fig. 3) .
Discussion
In our case-control study, we analyzed the sensitivity and specificity of clinical symptoms, laboratory measures, and MRI values for discriminating sCJD from npRPD patients. Compared to npRPD patients, sCJD patients were more likely to have myoclonus and cerebellar signs on exam, significantly higher CSF tau, positive CSF 14-3-3, and restricted diffusion using DWI. Typical EEG findings, a diagnostic feature often used in many CJD diagnostic criteria, failed to distinguish sCJD from npRPD. Our results are consistent with recent reports questioning the diagnostic utility of EEG [3, 19] . Additionally, a smaller cohort of sCJD patients had significant decreases in MD but not FA within the caudate and pulvinar compared to RPD patients and unimpaired controls. Our results confirm that specific clinical signs, CSF studies, and MRI could assist differentiating sCJD patients from npRPD patients. The overall prevalence observed at our site closely approximates the widely accepted incidence of approximately 1 per million per year [21] . Our catchment area was quite diverse and incorporated both primary and tertiary hospitals that have referred patients to our institution for further evaluation.
In regards to clinical signs, cerebellar ataxia and myoclonus were sensitive and specific in distinguishing sCJD from npRPD [24] . These results are in good agreement with a recent CJD neurological status scale developed to assist in distinguishing sCJD patients [25] . While sCJD may sometimes have a predilection for the cerebellum, MRI methods such as DWI may be insensitive to abnormalities in these regions [26] .
A thorough analysis of the diagnostic test results of our cohort yielded findings that are consistent with previous larger studies [8, 12, 16, 27] . In particular, controversy remains concerning the role of CSF 14-3-3. The sensitivity and specificity of this test ranges for various studies from 48-86 % and 66-74 % respectively [12, 18, 27] . In our small cohort, the presence of a ''positive'' CSF 14-3-3 was less robust than CSF tau in distinguishing sCJD from npRPD patients. Results from our cohort also highlight an increasing role for MRI-based imaging methods, specifically DWI in distinguishing sCJD from npRPD. We observed that DWI hyperintensities using previously defined criteria [6, 8] were both sensitive and specific in differentiating sCJD from npRPD or unimpaired controls. DWI had higher accuracy than clinical symptoms, EEG, or certain CSF measures (14-3-3) [6, 8] .
Significant advances have been made in DTI over the past decade. This technique has been previously used to study pathological changes seen in other neurodegenerative diseases such as Alzheimer's disease and dementia with Lewy bodies [28, 29] . This method has also been utilized in a cohort of sCJD patients that had cerebellar signs due to the E200 K mutation [26] . Family members with no dementia served as controls. An elevation in apparent diffusion coefficient was seen in the cerebellum of sCJD patients compared to controls. However, these authors did not report findings using other DTI parameters. This may in part be due to the fact that DTI results were primarily used for generating DWI measures. In contrast, our study evaluated a more representative cohort of sCJD patients and included not only healthy controls but also npRPD patients. In a subgroup of subjects we assessed changes in multiple DTI parameters. While we do not propose for DTI to replace DWI for assisting in the diagnosis of sCJD, our results suggest DTI may provide additional information concerning pathological changes seen in sCJD. Observed decreases in MD in matter tracts within the caudate and pulvinar of sCJD patients are similar to previous findings using DWI [30] [31] [32] [33] . These previous studies have observed a correlation between prion protein deposits and areas of diffusion restriction on DWI. The exact etiology as to why differences in MD were observed within the caudate and pulvinar remains unknown. One possible mechanism may be the presence of inflammatory cells or cytotoxic edema due to neuronal cell loss [3, 33] . Reductions in AD could represent axonal compromise, while alterations in RD may indicate myelin degradation with sCJD. We hypothesize the presence of spongiform changes due to membrane-bound intraneuronal vacuoles [34] could impair water diffusion and lead to decreased diffusion of water molecules in all directions and a relative preservation of FA [35, 36] .
The differential for rapidly progressive dementia can be extensive with MRI imaging assisting in the diagnosis. In particular, observed DTI changes for sCJD were different than those seen for stroke, which is sometimes considered in the radiological differential. Stroke is often characterized by a reduction in MD and an increase in FA. Pathological changes due to stroke cause neuronal damage that eliminates directional diffusion [37] . In contrast, we observed a decrease in MD with preservation in FA for sCJD.
The current study has several limitations. First, our results are primarily confirmatory. Observed differences in some measures were seen at the group level and it remains unknown if each of the methods can be reliably and practically applied to an individual patient. Future longitudinal MRI-based imaging studies of sCJD patients are needed to determine temporal changes associated with disease progression. Second, a relatively small number of patients were evaluated at a single institution. Larger studies involving multiple centers are needed to compare CSF and MRI measures. The small sample size also precluded our ability to determine whether changes in DTI values were specific for particular codon 129 genotypes or PrPSc protein type. Third, our study focused on a limited number of regions. Future studies that include additional white matter regions would allow us to determine if observed changes are specific to certain subcortical gray matter regions or if they occur throughout the brain. MD values within the caudate and pulvinar can be more variable due to partial volume effects and eddy current distortion [38] . Fourth, recently developed blood and CSF tests have been proposed to assist in the diagnosis of sCJD [39, 40] . However, both of these methods are not commercially available and require additional confirmatory analyses. Additionally if these tests (similar to the CSF 14-3-3 and tau analyses) are to be performed at commercial laboratories, a significant lag time exists between collection and reporting of results. In contrast, the MRI modalities utilized in this study are relatively easy to perform, with results that are almost immediately available. It is important to recognize that we do not suggest that any one test is sufficient for the diagnosis of sCJD and that the best approach is most likely multimodal.
In summary, a combination of clinical and diagnostic tests (particularly CSF and MRI) are useful in diagnosing sCJD. DWI and DTI may be helpful for assessing pathological changes associated with sCJD.
Acknowledgments The authors would like to thank current and former residents at our institution for their assistance in patient identification and collection of data. We would also like to thank many of the faculty at our institution for their assistance and guidance. Finally, we would also like to thank all the families of patients for their assistance and efforts. Conflicts of interest Financial Disclosure Information; Drs. Wang, Patrick, Bucelli, Alvarez, Lim, DeBruin, Sharma, Dahiya, Benzinger, and Ward report no disclosures. Dr. Ances is currently participating in a clinical trial of anti-dementia drugs sponsored by Pfizer. He also serves on the scientific advisory board for Lilly Pharmaceuticals and Medscape.
Ethical standard All human studies must state that they have been approved by the appropriate ethics committee and have therefore been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki.
